The weldability of four directionally solidified alloys TMS-75 (Base), Base+B, Base+C and TMD-103 (Base+B+C) were investigated by bead-on-plate electron beam welding, and the heat affected zone (HAZ) microstructures obtained during welding were characterized by optical microscopy and analytical electron microscopy. The presence of / eutectic was observed to be mainly responsible for the cracking in the HAZ, although other mechanisms such as the constitutional liquation of carbides also made some contribution to it. The C addition improved the cracking susceptibility in HAZ appreciably, while B addition showed a detrimental effect on it, however the C addition to Base+B alloy, completely attenuated the deleterious effect of B. The cracking modes and the mechanisms of the effects of C and B additions on the weldability could be rationalized on the basis of various microstructural constituents present in the four alloys.
Introduction
The National Institute for Material Science (NIMS) of Japan has developed the third generation of single crystal (TMS-75) and DS cast (TMD-103) Ni-base superalloys containing 5 wt% Re. The chemistry of TMD-103 is basically the same as that of TMS-75, but it contains the grain boundary strengthening elements B and C. The research carried out by Harada's research group, which also developed these alloys, has clearly demonstrated their superior properties at elevated temperatures as compared to the current single crystal and DS cast superalloys [1] [2] [3] [4] . In addition, these alloys have a high volume fraction of ' because of their higher Al content, which also provides them very good hot corrosion resistance in spite of the low Cr content.
Both C and B are believed to improve high temperature rupture properties, especially with the carbides in grain boundaries. However, MC type carbides are known to make many nickel base superalloys susceptible to heat affected zone (HAZ) microfissuring in welds through constitutional liquation, although the presence of Ta in this superalloy is likely to increase the stability of the MC carbide as compared to Nb rich carbides present in superalloys like IN718. B additions may or may not result in the presence of borides in the microstructure. Benhaddad et al [5] , for example, found significant levels of borides in a series of experimental IN718 alloys containing additions of C, B and P. These borides were M 3 B 2 type, rich in Nb/Mo/Cr and Fe. Often boride phases are, however, not observed in B containing alloys, or it may be present in association with MC carbides.
As for the effects of C and B additions on the weldability of Nibase superalloys, several investigations have been done, especially on Inconel 718 [5] [6] [7] [8] . The study by Bendadad et al [5] showed that C has minimal effect on the weldability of 718, whereas, B has a significantly negative effect on the weldability, but C mitigates the harmful effects of B. Further, it was suggested by Kelly [6] using a statistical analysis, that the most influential element in the micocracking of the HAZ in structural castings (IN718) of Ni-base superalloys was B. It is one of the lighter elements and is very difficult to detect accurately, particularly when it is still in solid solution. However, Huang et al also working on cast alloy IN718, showed via a careful series of heat treatments combined with B segregation analysis by secondary ion mass spectroscopy (SIMS) that B was responsible for HAZ micro-fissuring in the alloy [7, 8] . Similar work by Chen et al [9] and Guo et al [10] on wrought IN718 also showed that B was again the main culprit in HAZ micro-fissuring.
One of the alloys developed by Dr. Harada's group, TMD-103 contains significant amount of C (0.07%) and B (0.015%). Since in-service damage to the parts made of these alloys are likely to be repaired by welding, as is the case with other superalloy parts, and B has been shown to adversely effect the weldability of superalloys, a research project was initiated to evaluate the weldability of TMD-103 alloy and compare it with that of TMS-75. To isolate the effect of B from that of Carbon on weldability of these alloys, weldability of two additional alloys, TMS-75+B and TMS-75+C, was also evaluated.
Experimental
Four alloys were DS cast by NIMS, Tsukuba, Japan into 12 mm diameter ingots with their axes along the <100> crystallographic direction, and supplied to us by Dr. Harada. The ingots were identified as: TMS-75 (Base), Base+B, Base+C and TMD-103 (Base+B+C) and their nominal chemical composition is listed in Table I . All the four alloys were given the standard NIMS heat treatment consisting of 1225°/1 hour+1275°C/5 hours followed by water quench. Test samples were cut from the heat-treated DS rods by electrodischarge machining as shown in Fig 1a, and the recast layer was ground off. The cut samples were assembled for welding by tackwelding together using GTA welding techniques and one such assembly is shown in Fig. 1b . These samples were electron beam welded (EBW) using a Sciaky Mark VII welder at Bristol Aerospace, Winnipeg, using the following process parameters: 44 kV, 13 mA, 25 cm/min, with a 'sharp' focus. On the average 8 sections were cut from each welded sample and then metallographically prepared by polishing. Weldability of alloys was evaluated by measuring the length of each crack present in these 8 cross sections, and is expresses as average total crack length (Av.TCL). The Av.TCL was computed by calculating the average of the total length of all the cracks in each section. Metallographic assessment was carried out optically and via a JEOL JSM-5900 SEM, equipped with Oxford ultra thin window EDS detector. Semi-quantitative analysis was done by using an Oxford-INCA EDS analysis software. Transmission electron microscopy analysis of carbon extraction replicas was carried out using a JEOL 2000FX microscope operating at 200KV and equipped with a TN5400 EDS system.
Etching for optical metallography was carried out using a solution containing: 1HNO 3 :3HCL:4C 3 H 8 O 3 . Hardness measurements were carried out using five impressions per specimen using a Vickers hardness machine and reported as VPN.
Results

Metallography of Alloys
Optical micrographs of the as cast alloys ( Fig. 2a-d) showed the presence of a dendritic structure and an aligned / eutectic constituent; the carbon containing alloys also showed the presence of a MC carbide. In the solution treated condition, Fig 3(a-d) , the / eutectic was still present, along with carbides in the two C containing alloys. TEM analysis of these carbides extracted on carbon replicas revealed them to correspond to Ta-rich MC-type carbides with an FCC crystal structure and a lattice parameter 4.45nm. A general SEM secondary electron microstructure of a solution treated Base alloy is shown in Fig. 5a . The higher magnification micrograph of an interdendritic region, marked A in Fig. 5a and shown in Fig. 5b shows the presence of / eutectic in the interdendritic region. Some of the primary particles dissolved during heat-treatment but reprecipitated as fine cuboid shaped ' precipitates as shown in the magnified image of region marked B in Fig. 5a and shown in Fig. 5c . Those precipitates that did not dissolve coarsened during the heat treatment, as shown in the magnified image of interdentritic primary in Figure 5d . The morphology in the other 3 solutions treated alloys was similar to that observed in the Base alloy. However, the addition of C resulted in precipitation of MC type carbides and a significant reduction in the volume fraction of / eutectic.
Various microstructural features were quantitatively analysed. Table II shows the size and volume fractions of the precipitates in the Base (TMS-75) alloy and the Base+C+B (TMD-103) alloys in the as-cast and the solution treated conditions. The size of the secondary precipitated particles is seen to be similar in both the alloys, but in the solution treated condition the primary precipitates are much larger in the Base alloy than those observed in the Base+B+C (TMD-103) alloy. As seen in this 
The volume fraction of / eutectic was measured in all the four alloys and is given in Table III . It is seen that the addition of 0.005B to the base alloy had almost no influence on the volume fractions of / eutectic. However, the addition of 0.03% C reduced it significantly from 3.03±0.21% to 0.68±0.11%. Similarly, the addition of 0.07 C to the Base alloy reduced it to 0.35±0.15%. That is, the addition of C reduced the volume fraction of / eutectic and helped induce the formation of MC type carbide phase. Since Ta is a major element in the MC-carbide in these alloys, the formation of MC would reduce the amount of Ta available for the formation of which would reduce the volume fraction of (Table II) as well as that of the / eutectic (Table III) . As seen in this figure, HAZ and weld metal micro-fissures are present, and were observed in all the four alloys, the present communication is, however, only concerned with HAZ cracking. As seen in Fig. 6 , the HAZ micro-fissuring in all the alloys was interdendritic and originated close to the fusion line, but never in the weld metal. The HAZ microstructures of all the four alloys were extensively examined by SEM and representative micrographs are shown in Fig 7(a-d) . As seen in Figure 7a and b, micro-fissuring in both the Base and Base+B alloys was mainly associated with the / eutectic, which would remain liquid over a wider temperature range. This liquid will be subjected to thermal stresses evolving from the cooling cycle after passage of the electron beam, which would induce microfissuring. It should be noted that borides were not specifically observed in the boron containing alloy.
In the Base+C alloy also some micro-fissuring was associated with the eutectic phase, however, a significant amount constitutional liquation of MC carbide was also observed, as shown in Fig7(c). As listed in Table III , the C addition reduced the eutectic volume fraction from 3% in the Base alloy, to about 0.7% in the Base+C alloy. Similarly in the Base+B+C alloy, microfissuring was associated with / eutectic liquation and constitutionally liquated MC carbide, an example of the latter is shown in Fig. 7d .
The HAZ cracking susceptibility of all the four alloys was determined by measuring the average total crack length (Av TCL) on eight weld cross sections of each alloy. Fig 8 shows the Av. TCL values along with 2 (standard deviation) per section for the four alloys in the solution treated condition. It is seen that the addition of B to the Base alloy increased the micro-fissuring susceptibility by almost 60%, whereas the addition of C to Base alloy reduced it by about 75%. Similarly in the Base+B+C alloy, micro-fissuring behaviour was significantly attenuated by the 0.07% C addition. That is, the Av. TCL reduced from 2.36mm to 0.36mm. Fig. 8 The effect of composition on the total crack length (Av. TCL) in HAZ at room temperature (44KV, 13mA, 25cm/min.).
Discussion
In the Base alloy, the main microstructural phase associated with HAZ micro-fissuring was observed to be the / eutectic, whose total volume fraction in the Base alloy was about 3% . Fig 7(a) shows micro-fissuring intimately associated with the liquated eutectic / . MC carbides were not present in the Base alloy due to the extremely low C concentration, and thus for this alloy carbides do not play a part in its micro-fissuring behaviour. Similarly in the case of the Base+B alloy, (Fig 7b) , the absence of MC carbides, along with no evidence for borides to be present, leads to the conclusion, based on the metallographic observations, that the / eutectic again plays the major role in micro-fissuring of HAZ around welds.
In the case of the Base+C alloy, Fig 7(c) , the presence of an additional micro-constituent, besides the / eutectic, suggests the possibility for two factors to influence the HAZ micro-fissuring on grain boundaries. In this case, liquation cracking can be either due to the presence of the lower melting point / eutectic, and/or constitutional liquation of secondary constituents. As shown in micrograph in Fig 7(c) , in the Base+C alloy microfissuring due to the constitutional liquation of the Ta rich MC carbides along with that caused by liquation of / eutectic was observed. It should be noted from Table III , that the addition of C considerably reduced the volume fraction of / 'eutectic constituent, and thus it would have a less detrimental effect in the Base + C alloy compared to that observed in the Base and Base+B alloys. This observation is also reflected in the Av. TCL values reported in Fig 8, where the C containing alloy had an Av. TCL value of 0.34 mm compared to the Base (1.48 mm) and Base + B alloy (2.36 mm).
The same conclusion can be made for the Base+B+C alloy, where again, as shown in Fig 8, the Av. TCL value was similar to that observed in the Base + C alloy. This reflects the beneficial effect of C on HAZ micro-fissuring observed by Benhaddad et al [5] , in wrought alloy 718, where the C addition offset the detrimental effects of both B and P.
It should also be noted, however, that the C addition not only reduces the Av. TCL values of the Base+C alloy relative to the Base alloy, but even in the presence of B in the Base+C + B alloy, and C addition attenuates the detrimental effect of B. Benhaddad et al [5] attributed this effect in wrought 718 to site competition at the grain boundaries between competing segregating species as proposed by Erhart and Grabke [11] . In their research it was shown that C, for example, can displace P from grain boundaries in plain C and Cr alloyed steels. This theory however is at variance with the intensification of grain boundary segregation proposed by Guttmann [12] for ternary additions to a binary alloy. In the present case, however, it is more likely that Erhart and Grabke's theory is more relevant due to the small C addition made to the present alloys. Guttmann's theory is more likely to be relevant where substantial (>> 1%) additions of the ternary element are made rather than <0.1% C, as is the case in the present alloys.
Another contributing factor relative to the C addition is the potential effect of the element on the solidification path of the alloys. Thompson et al [13] have investigated the influence of C on solidification via increased volume fraction of carbides, ensuring the liquid film is retained to lower temperatures relative to a smaller amount of liquid. In addition they [13] have also shown that C can influence the solidification path depending on the C/Nb ratio. Floreen et al [14] have proposed the following solidification path for Alloy 625: 
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In a similar investigation by Dupont et al [15] , C additions were found to increase the initiation of the reaction, L +Laves phase, and a decrease in the temperature range of the primary L reaction. They also observed considerable improvements in solidification cracking behavior at higher C levels during Varestraint testing, using the maximum crack length as the failure criterion. Thus, by increasing the C level Dupont et al have suggested that it should be possible to influence the solidification path and in turn reduce the solidification range in alloy 718 and consequently minimize micro-fissuring, similar to an alloy with a low C or B concentration. In the present case the beneficial effect of carbon may have been associated with the formation of the Ta rich MC carbide at high temperature, reducing the availability of Ta to form the / ' eutectic, in a manner similar to that reported by Dupont et al.
Another minor element to consider relative to micro-fissuring is boron. SIMS analysis has shown in both cast and wrought IN718 that segregation of B to grain boundaries plays a dominant role in cracking of the alloy [8] [9] [10] [11] . In the present case two of the alloy contained B levels of 0.005 wt. %, (Base +B) and 0.015 wt. %, (Base+B+C). To evaluate the role of segregation of B, SIMS studies are planned.
Summary and Conclusions
Four DS Ni-based Superalloys, Base, Base+B, Base+C and Base+B+C, were electron beam welded and the heat affected zone micro-fissuring examined in terms of the phases present prior to and after welding. Quantitative evaluation of micro-fissuring was made using the value of Av. TCL per section: 1) In the Base alloy, carbides were absent and the main phase responsible for HAZ micro-fissuring was observed to be the / eutectic. This is a low melting point constituent and would have remained liquid to lower temperatures where thermal stresses would occur initiating microfissuring at the grain boundaries containing liquated / eutectic. 2) In the Base+B alloy, borides were not observed and the microfissuring was associated with the liquated eutectic phase. 3) In the Base+C alloy, MC carbides also partly contributed to micro-fissuring, but the C addition attenuated the micro-cracking susceptibility, due to the reduced volume fraction of / eutectic in the alloy. 4) Similarly in the Base+B+C alloy, the C addition again offset the detrimental effects of B, as shown by the reduced Av. TCL values
